Introduction
Klebsiella pneumoniae is a Gram-negative bacterium, causing various fatal infections. There are 2 pathotypes: hypervirulent (hvKp) and classical (cKp), which are detrimental to our health. Initially, a string test with a length >5 mm was defined as hypermucoviscosity, which is a traditional unique hvKp trait, triggering aggressive invasive infection, such as bloodstream infection and pyogenic liver abscesses (PLAs) for immunocompetent ambulatory younger individuals with non-underlying diseases. [1] [2] [3] [4] However, many studies do not agree with the definition of hvKp defined by hypermucoviscosity phenotype. 5, 6 The reason is that few hypermucoviscous K. pneumoniae (hmvKp) strains are associated with high virulence with in vitro and in vivo assays. 5, 6 Thus, using hvKp by hypermucoviscosity phenotype as the sole indicator of hvKp is not appropriate.
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Until recently, aerobactin, the dominant siderophore, was regarded as a critical virulence factor for hvKp genetic background. 1, 8, 9 A multicenter study, focusing on middle-aged patients, first demonstrated the clinical and molecular characteristic of hvKp (defined as aerobactin positive) infection. 8 But data are limited on the elderly who may have various underlying diseases, nutrition status, and atypical manifestations, along with being infected with genotype hvKp.
Many previous studies have illustrated that hvKp is sensitive to most antibiotics, which is not frequently present in infection with cKp strains. But emerging multidrug resistance (MDR) hvKp, especially resistant to colistin and carbapenems, has been reported in China. [10] [11] [12] However, there are not enough adapted data on the elderly and the characteristics of antimicrobial-resistant hvKp infection.
Thus, for further investigation of the prevalence and antibiotic resistance of hvKp, we conducted a retrospective study in 2 teaching hospitals based on the genotype of hvKp, which was defined as aerobactin positive.
Materials and methods Patients
A retrospective study was conducted on 202 K. pneumoniae culture-positive patients diagnosed at Beijing Tsinghua Changgung Hospital and Chinese PLA General Hospital from June 2008 to July 2017. The definition of elderly was if the patient was ≥65 years. Duplicate isolates from the same patient were excluded. The clinical characteristics, including underlying disease, infection type, nutritional status, mortality in 30 days, and sequential organ failure assessment (SOFA), were collected. To recognize the host responsibility and nutritional status between the 2 pathotypes, white blood cell count (WBC) and neutrophil percentage (NEU%) were used as primary and rough inflammatory factors. To evaluate the nutrition status, we used total protein (TP) and albumin (ALB) as markers. The study was approved by the Chinese PLA General Hospital Ethics Committee, and the Guidelines for Human Experimentation (China) were followed through the whole study. Informed consent was not needed due to the retrospective nature of the study; additionally, the patient data accessed in this research was anonymous. Therefore, the Chinese PLA General Hospital Ethics Committee waived the need for consent.
K. pneumoniae strains
All isolates were stored at −80°C and previously identified by the API 20 NE system and the Vitek II system. Additionally, species identification was further confirmed by 16S rRNA gene sequencing. HvKp was defined as aerobactin positive.
Hypermucoviscous phenotype was confirmed by string test as described previously. 13 Antimicrobial susceptibility testing and phenotypic detection of ESBLs Antimicrobial susceptibility testing was conducted and the results were interpreted by 2017 Clinical and Laboratory Standards Institute (CLSI) guidelines. The antibiotics include amikacin, gentamicin, tobramycin, ampicillin/sulbactam, aztreonam, cefazolin, cefepime, ceftriaxone, ceftazidime, ciprofloxacin, levofloxacin, piperacillin/ tazobactam, and trimethoprim/sulfamethoxazole. ESBL was confirmed by agar dilution test using ceftazidime and cefotaxime combined with clavulanate according to the CLSI guidelines. 8 MDR strains were defined as resistant to ≥3 different antimicrobial categories. 14 Isolates that are resistant to both imipenem and meropenem are defined as carbapenems-resistant (CR) isolates.
Detection of virulence gene
Genomic DNA of all K. pneumoniae isolates was extracted. Virulence-associated genes (rmpA, rmpA2, magA, and aerobactin) and capsular serotype-specific (cps) genes (K1, K2, K5, K20, K54, and K57) were amplified by polymerase chain reaction (PCR). 8, [15] [16] [17] The primers are listed in Table S1 .
Multilocus sequence typing (MLST) for K. pneumoniae
Seven housekeeping genes (gapA, mdh, phoE, tonB, infB, pgi, and rpoB) were amplified by PCR following the protocol (http://bigsdb.pasteur.fr/klebsiella/klebsiella.html) ( 
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Results
Patient characteristics
Genetic and phenotype characteristics: hvKp vs. cKp
Previous studies confirmed that virulence-associated genes (rmpA, rmpA2, and magA) and cps genes (K1, K2, K5, K20, K54, and K57) are clustered in the hvKp group.
18-20 A significant difference was that K1, K2, rmpA, rmpA2, and magA were highly clustered in hvKp (P=0.000, respectively), and K5, K20, K54, and K57 were not associated with hvKp (P=0.106, 0.627, 0.894, and 0.211, respectively). There was no strain in the cKp group with K5 (Table 1) . It was strongly noted that hypermucoviscosity was highly associated with hvKp (P=0.000).
Antimicrobial resistance and prevalence of ESBL-producing K. pneumoniae isolates Most of the hvKp isolates were sensitive to most of the antibiotics, with the exception of ampicillin, imipenem, and meropenem ( Table 2 ). All Kp strains were resistant to ampicillin. In the hvKp group, 24 strains (25.0%) were MDR. A total of 25 hvKp isolates were identified as ESBL-producing K. pneumoniae isolates, which were more common in the cKp group (53.8% vs. 26.0%, P=0.001). One CR-hvKp isolate existed in one of these 2 teaching hospitals. In another referral center, 10 CR-hvKp strains were detected. The detailed information for the 11 CR-hvKp strains is shown in Table S2 .
Risk factors: hvKp vs. cKp
In this study, univariate regression analysis showed that diabetes (odds ratio [OR]=2.903), digestive diseases (OR=2.127), and hypermucoviscosity (OR=17.446) were notable risk factors for hvKp infection. However, indwelling stomach tube (OR=0.447) was a protective factor for hvKp infection. Moreover, multivariate analysis revealed that diabetes (OR=2.566) and hypermucoviscosity (OR=15.249) were independent risk factors for hvKp infections (Table 3) .
Risk factors: CR-hvKp vs. non-CR-hvKp
Patients with surgery history within 1 month (OR=19.5) and catheterized tracheal catheter (OR=6.051) were closely associated with CR-hvKp. However, patients with diabetes (OR=0.256) were more likely to be infected with non-CRhvKp. A history of surgery within the last 1 month is an independent risk factor for CR-hvKp infection (OR=15.999) ( Table 4) .
MLST genotypic analysis
Among the 202 K. pneumoniae isolates, no new ST was identified in MLST database. The most prevalent ST in this study was ST23 (n=28; 13.9%), followed by ST412 (n=10; 5.0%), ST37 (n=7; 3.5%), ST65 (n=6; 3.0%), ST11 (n=5; 2.5%), ST17 (n=5; 2.5%), ST2905 (n=5; 2.5%), and ST2906 (n=5; 2.5%). 
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Liu et al STs, ST23 (24/28), ST412 (6/9), ST17(5/5), and ST65(3/6) were strongly associated with hvKp, while ST11(0/5), ST2905(1/5), ST2906(1/5), and ST37(2/7) were more common in the cKp group. The more common clone complexes (CCs) of the CR-hvKp group were CC23 (n=3) and CC17 (n=3). There is an important phenomenon in the phylogenetic tree that a branch clustered with ST347, ST595, ST1469, ST2905, and ST2906 contributed to poor prognosis death in 30 days, which should be paid more attention (Figure 1 ).
Discussion
To our knowledge, this is the first and biggest systematic study focusing on the elderly infected with hvKp in China. In this study, 59.9% of hvKp were identified as hypermucoviscous 
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Hypervirulent Klebsiella pneumoniae infection by string test, which was significantly different from a previous retrospective study conducted in a single center in China, with a prevalence of 33% in Beijing. 13 In addition, the incidence of hvKp (47.5%) in genetic background is also higher than the figure in the previous multicenter studies (37.8%). 8 It can be concluded that hvKp is emerging as the major pathotype for the elderly in the 2 hospitals, which should be paid more attention. The prevalent ST in 2 hospitals is the same: ST23. However, different hospitals isolated with ST23 are not highly associated with hvKp, which indicates that fully relying on STs to identify hvKp may be unreliable. Although the definition of hvKp is controversial, it is an objective marker, like plasmid type, biofilm producing, serotypes and the ability of trigger inflammatory factors that may be needed for further study to complement the real hypervirulence. Therefore, the prevalence of hvKp may be incorrectly estimated due to the lack of definite and objective diagnostic methods. 17, 21, 22 with the more important elements in Asia being K1 and K2, which are the reason for severe infection. But they are not the unique trait for hvKp. 23, 24 MagA is not a specific virulence gene for hvKp isolates causing PLA, 25 but it is highly associated with cps K1. 22, 26 Moreover, the mutant isolate (knockout magA) could not show hmv phenotype. 27 RmpA/RmpA2 was proposed as a virulent factor in addition to magA and cps K1/K2. 16 Although rmpA is not an independent factor contributing to pyogenic liver abscess, it promotes capsule synthesis, which is associated with hypermucoviscous. 3, 16 Our results are consistent with a previous study: invasive infection (especially liver abscess), hypermucoviscosity, and mainly virulence factors (K1, K2, rmpA, and magA genes) are highly presented in hvKp group. 8 So, a better understanding of risk factors is essential to make interventions. Our results show that patients with diabetes are 
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Hypervirulent Klebsiella pneumoniae infection more likely to be infected with hvKp. Additionally, hypermucoviscosity is strongly associated with hvKp. In our study, patients with surgery history of <1 month are an independent risk factor for CR-hvKp infection, which should be focused more on how to prevent infection. A previous study concluded that major histocompatibility complex variants, nutritional status, and gut microbiota are essential host factors to improve the understanding of the hypervirulence phenomenon. 7 Our results demonstrated that in the hvKp group, patients with better nutritional status are associated with a more severe SOFA score and more serious inflammation reaction. All aforementioned characteristics may be a potential marker for early and precise empirical interventions for the elderly with hvKp.
Previous studies have revealed that most hvKp and antimicrobial-resistant patterns were non-overlapping. 8, 13 In this study, most hvKp were sensitive to most of the aforementioned antibiotics. In the hvKp group, the number of MDR-hvKp (25.0%) and ESBL-hvKp (26.0%) is significantly higher compared to the previous study performed in the multicenter study, with a prevalence of 12.6%. 8 It is alarming that the number of elderly with MDR-hvKp infection is increasing. Moreover, 1 CR-hvKp isolate was detected in 1 hospital, where long-term patients were hospitalized. However, 10 CR-hvKp strains were detected in the other hospital, which was a referral center receiving patients from other hospitals and the community. Therefore, the incidence of CR-hvKp may be underestimated in this region. Thus, these data revealed that MDR-hvKp is emerging among the elderly. However, to confirm this conclusion, further investigation using a larger population is needed.
The CR-hvKp was not detected in nosocomial environment by routine nosocomial infection surveillance. In addition, the 2 hospitals did not apply the use of anal swab for monitoring nosocomial infection. It is unclear whether gut microbiota composed of hvKp contributed to the infection. Thus, it is essential to enhance hospital infection surveillance for the elderly. A previous study suggested that wards previously infected with CR-hvKp should be disinfected and left unoccupied for >2 weeks. 10 Otherwise it may be a good site for a fatal outbreak of the organism.
There are some limitations in our study. First, it was a retrospective study in 2 teaching hospitals for over 10 years. Most key inflammatory and nutrition status marker were not achieved. Second, in vitro and in vivo experiments as objective evidence, such as Galleria mellonella, mouse, or human neutrophil assay, may be needed to identify the real virulent Kp. Third, to further explore the pathogen genomic characteristics, especially for virulent and antibiotic-resistant environment, whole genome sequencing, transcriptomics, and proteomics may be needed. A larger prospective multicenter study, focusing on host, pathogen, and host-pathogen interaction (inflammatory factor), is needed to better defining the hvKp strains.
Conclusion
The prevalence of hvKp may be higher than expected in the elderly. The epidemiology for hvKp in different hospitals is different. Although the definition of hvKp is still controversial, hvKp (aerobactin positive) strains were more likely to cause serious infections, such as liver abscess and septic shock, and more severe inflammatory reaction in the host. To further understand hvKp, host, pathogen, and host-pathogen interaction may be taken into consideration. The emerging MDR-hvKp, especially CR-hvKp, will be a great challenge for treatment. It is essential to enhance clinical awareness and management for the different types of hvKp infections. Infection and Drug Resistance is an international, peer-reviewed openaccess journal that focuses on the optimal treatment of infection (bacterial, fungal and viral) and the development and institution of preventive strategies to minimize the development and spread of resistance. The journal is specifically concerned with the epidemiology of antibiotic resistance and the mechanisms of resistance development and diffusion in both hospitals and the community. The manuscript management system is completely online and includes a very quick and fair peerreview system, which is all easy to use. Visit http://www.dovepress.com/ testimonials.php to read real quotes from published authors.
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